This study was to determine estimates of the stiffness and damping properties of the wrist and shoulder in children by examining wrist impacts on the outstretched hand in selected gymnastic activities. The influence of age, mass, and wrist and torso impact velocity on the stiffness and damping properties were also examined. Fourteen young gymnasts (ages 8 to 15 yrs) were videotaped while performing back-handspring trials or dive-rolls. Kinematic and ground reaction analysis provided input for computer simulation of the body as a rheological model with appropriate stiffness and damping. A significant positive linear relationship was obtained between wrist damping in dive rolls and age, mass, and wrist and torso impact velocity, while shoulder damping in the back-handsprings had a significant positive linear relationship with body mass. This new information on stiffness and damping at the shoulder and the wrist in children enables realistic mathematical modeling of children's physical responses to hand impact in falls. This is significant because modeling studies can now be used as an alternative to epidemiological studies to evaluate measures aimed at reducing injuries in gymnastics and other activities involving impact to the upper extremity.
Many gymnastic activities involve large weight-bearing impacts on the hands (Gabel, 1998; Meeusen & Borms, 1992) . Excessive and repetitive compressive forces on the hands have been found to lead to acute and chronic injuries to the wrists of gymnasts (DiFiori, Puffer, Mandelbaum, & Mar, 1996; Dobyns & Gabel, 1990; Howse, 1994) . In children, gymnastic activities have been associated with stress injuries of the distal radial growth plate (DiFiori, Puffer, Mandelbaum, & Dorey, 1997; Lipp, 1998) . Such epiphyseal injuries can lead to long-term complications such as premature closing of the growth plate, radial deformities, secondary ulna growth, and significant delay in bone maturation (Caine, Howe, Ross, & Bergman, 1997; De Smet, Claessens, & Fabry, 1993; De Smet, Claessens, Lefevre, & Beunen, 1994) . Several researchers have expressed the need for measures to reduce the incidence of upper extremity injuries in gymnastics (De Smet et al., 1993; Dobyns & Gabel, 1990; Luckstead & Patel, 2002) .
One step toward reducing the injurious effects of impact forces on the extremities would be to gain a better understanding of how the body transmits and attenuates impact forces through the muscles, bones, and joint tissues (Andrews & Dowling, 2000) . Armed with this knowledge, it should be possible to model the impact response of the body to numerous hypothetical situations in order to explore the effect of potential injury prevention measures, without the need to conduct experiments on humans (Andrews & Dowling, 2000) . Previous studies have utilized a two-mass spring-damper model to predict force transmission through the arms of adults during impact on an outstretched hand DeGoede, Ashton-Miller, Schultz, & Alexander, 2002; . Such rheological spring-damper models employ the concept of mechanical impedance and characterize musculoskeletal tissues in terms of inertial, elastic, and viscous parameters (Cornu & Goubel, 2001) .
These previous studies have shown that arm impact consists of a high frequency temporal force component that occurs at the moment of hand contact, followed by a low frequency component occurring as the suspended torso deceleration force is transmitted through the wrist. The timing and magnitude of these force components were shown to be highly dependent on the stiffness and damping properties of the wrist and shoulder joints . Because of the musculoskeletal size differences, it might be expected that the stiffness and damping properties between adults and children also differ.
Although studies on adults have been reported, no previous studies have described the stiffness and damping properties of the upper extremities of children during arm impact. Acquiring stiffness and damping values for children would enable realistic mathematical modeling of children's physical responses to hand impact in falls and help evaluate injury prevention measures aimed at reducing injuries in gymnastics and other sporting and recreational activities (Davidson, Chalmers, & Wilson, 2004; Davidson, Goulding, & Chalmers, 2003) .
The purpose of this study was to obtain estimates of the stiffness and damping properties of the wrists and shoulders of children. This was done by examining gymnastic hand-landings in children that involved full-body headward impact on the wrists of outstretched hands. We also examined how the stiffness and damping properties of the wrist and shoulder in children varied with the child's age, mass, wrist impact velocity, and torso impact velocity.
Methods
Participating in the study were 20 girls and 5 boys ranging in age from 5 to 15 years. They were recruited from a local gymnastic club in Dunedin, New Zealand, and all available children were involved. Their gymnastic expertise levels ranged from beginning to national level competitive gymnast. Consent was obtained from the children, their parents, and from the gymnastic club prior to testing. The study was approved by the University of Otago Ethics Committee.
The children were videotaped while performing back-handsprings and diverolls onto a 30-mm thick foam pad (Sinclair's Gymnastic Equipment, Christchurch, NZ) fixed to a force platform (AMTI model LG6-3-1, AMTI, Newton, MA). These activities involved a head-first free-fall with an impact onto the wrists of outstretched hands, and a sudden deceleration of the arm segment (dive-roll) or the arm and torso segment (back-handspring). The activities began from an upright stationary position and were performed so that the gymnasts landed with their left hand on a force plate during the double-arm support phase of the movement. They were allowed as many practice trials as they wished prior to testing.
Two-dimensional motion analysis was performed for each trial completed. Five trials of each type of activity for each child were videotaped at 200 Hz with a shutter speed of 1/250 sec. Digital cameras (JVC Digital Video Camera GR-DVL9800) were placed at a distance of 9 m, perpendicular to the plane of motion. One camera recorded the whole motion during each trial (pixel resolution, 10 mm  10 mm). The second camera's field of view was the upper arm and torso (pixel resolution, 3 mm  3 mm) and the third camera's field of view was the wrist and elbow, prior to and following the impact of the left arm on the force plate during each trial (pixel resolution, 5 mm  5 mm). Camera positions were selected so that the kinematics of the legs and body could be measured from the first camera, while the other cameras allowed for more accurate measurements of shoulder and wrist displacement during the impact on the outstretched hands.
Spherical reflective markers were placed on the left lateral malleolus, the right medial malleolus of the ankle, the left lateral femoral epicondyle, the right medial femoral epicondyle, the head of the trochanter of the left leg, the left ulna styloid process, and the left lateral epicondyle of the humerus. Two reflective band markers were placed around the left upper arm and two around the torso. Lighting was positioned directly behind the cameras to illuminate the reflective markers on the recorded digital video. Band markers were placed on either side of the estimated center of segment mass for the upper arm and torso. The boundary edges of the band markers were manually tracked during the trials. The centroid of the four edge points of the band markers was used to estimate the kinematics of the center of mass of the torso and upper arm segments. The band marker method reduced the effect of soft tissue motion. Body mass was measured before the trials using the force plate, and the mass of children's body segments was estimated using an age-dependent, segment-to-body-mass proportion method (Jensen, 1986) .
Ground reaction forces for the left hand during the double-arm support phase were recorded at 1,000 Hz (the gain of the AMTI amplifier was set to 4,000). The ground reaction force and digital video recorders were synchronized with a triggered light, in view of the cameras, which initiated the force recording data (maximum synchronization error of 0.005 sec). Ground reaction force and digital video data were digitized and analyzed using motion analysis software (Simi Motion 6.0, Unterschleissheim, Germany, www.simi.com). Digitizing involved the centroid location method which accounted for any blurring of markers. Previous studies have shown no significant difference in the ground reaction forces at the left and right hand during a double-arm support phase, so the forces in the right hand were assumed to be the same as those in the left hand in the present study Koh, Grabiner, & Weiker, 1992) .
The force platform data were low-pass digitally filtered using a second-order Butterworth double-pass filter at a 100-Hz cutoff frequency determined by regres-sion analysis (Winter, 1990) . The lower limb and torso coordinates were digitally filtered using a second-order Butterworth double-pass filter at a 10-Hz cutoff frequency to attenuate digitizing error and the effect of skin motion . Upper limb coordinates were digitally filtered in the same manner up to the point just before impact.
The aim of the gymnastic trials was to obtain kinematic data from a full-body impact on the wrist of the outstretched hand. This was achieved by back-handsprings and momentarily (until elbow flexion) by dive-rolls. A number of different dive-roll techniques were used and only dive-rolls with whole-body falling impacts on the wrists and outstretched hands were of interest for this study. The following exclusion criteria (inclusion criteria in parentheses) were used to eliminate those trials that did not fall into this classification and were not appropriate for the impact modeling:
1. Impacts on a flexed elbow (only impacts on an outstretched hand were of interest); 2. Impacts with load being initially taken on fingertips (only impacts on the wrist were of interest); 3. Trials in which the lower arm did not stop on impact and were predominantly rolls rather than dives (only impacts of dominating vertical force were of interest); 4. Trials in which the feet were still in contact with the floor during or just before impact (i.e., no flight phase or free-fall).
The estimates of stiffness and damping of the wrist and shoulder were determined by single and two-mass spring-damper models. Simulink ® software for MATLAB ® (MathWorks, Natick, MA) was used to simulate the dynamics of the spring-damper models using standard equations of motion that govern springdamper behavior . A single-mass model was used to determine the wrist stiffness and damping of each child's left side for the dive-roll trials ( Figure 1 ). The single mass represented the mass of the impacting left arm. The unilateral contributions of torso/head deceleration and leg deceleration to impact were represented as vertical forcing functions determined using inverse dynamics of the suspended segments during impact. Shoulder stiffness and damping for the dive-rolls was not determined because the torso/head segment only partially decelerated during arm impact.
A two-mass model was used to determine the wrist and shoulder stiffness and damping of the left side of the children for the back-handspring trials (Figure 2 ). The first mass and leg forcing function were the same as in the single-mass model while the second mass represented the unilateral contribution of the torso/head mass.
The stiffness of the foam pad on the force plate was determined from force deflection data acquired using a single-mass hemispherical drop tester (ASTM F-1292 A model [American Society of Testing and Materials, 1999] ). The drop tester had a diameter of 16 cm and indentation diameter of 7 cm, approx. the size of a child's hand. A single-mass model with an exponential stiffness spring was used to model the surface, with the single mass representing the mass of the hemispherical drop tester. The force generated by the spring (F s ) was represented by Equation 1:
where x is the displacement of the surface, A is the amplitude constant (N), and c is the exponential depth constant (m). The constants for the exponential spring were found to depend on impact velocity:
where V is the measured velocity at the instant of impact (m/s). A second foam pad (with A = -197 * V + 820 and c = -0.0029 * V + 0.0161) was used for trials to assess the reliability of the method used in estimating the parameters of the wrist and shoulder. It was expected that the wrist and shoulder stiffness and damping values would not differ significantly between surfaces of varying stiffnesses (the stiffnesses should be within a reasonable range). The modeling approach used an iteration procedure to calculate impact force curves and generate the best estimate of stiffness and damping of the wrist and shoulder according to gymnastic trial data. The input to the model was 10 points selected along the ground force data curve. Starting with initial values, every combination of 50%, 100%, and 150% of the initial values (i.e., a spread of 50%) was calculated (3 2 = 9 combinations for dive-rolls, 3 4 = 81 for combinations for back-handsprings). A least-squares approach was used to determine the optimal combination, being that with the closest match between the gymnastic trial and simulation impact force curves. The optimal combination became the new initial value and the process was continued at the 50% spread until the results were stable, i.e., the optimal value was the same as the initial value. The simulation was repeated with 25%, 10%, and finally 5% spread values.
The final solution was the stable combination at the 5% spread value. This iteration process was monitored using a custom-made graphical-user-interface (GUI) and enabled a precise minimum solution to be found without having to calculate all possible combinations. The gymnastic trial and simulation-impact displacement curves of the wrist and shoulder joints were visually checked in the GUI to ensure that the final solution to matching the force curves was not a local minimum solution.
Linear regression was used to examine the relationship between joint stiffness and damping and the independent variables (SAS version 8.0, SAS Institute Inc., Cary, NC): age, mass, wrist impact velocity, and torso impact velocity. Child age was of interest because a previous study showed that wrist and shoulder stiffness and damping varied with age . Child mass and impact velocity was of interest because the amount of muscle mass would be expected to increase with body mass in gymnasts, and it is known that muscle contraction (the amount of active muscle and its level of activity) contributes to joint stiffness and damping values Cornu & Goubel, 2001 ). The significance of any relationships was examined with a t-statistic at the p < 0.05 level indicating statistical significance. To test any significant relationships between child age and mass and the severity of impact, we conducted a linear regression analysis to test any correlations between the independent variables, maximum impact force, and maximum torso displacement for the dive-rolls.
Results
Fourteen children were able to complete dive-rolls and 9 of them were able to complete back-handsprings according to the inclusion criteria. For each child, the trial at each activity with the maximum ground reaction impact force at wrist contact for each activity was selected for motion analysis.
The mean, standard deviation, and range for child age, child mass, wrist impact velocity, torso impact velocity, and maximum impact force for the dive-roll and back-handspring groups are given in Table 1 . The mean age and mass was greater for the back-handspring group than for the dive-roll group because the younger children were not sufficiently skilled to complete the back-handspring and were excluded from this group. The back-handspring involved greater impact velocity and force compared to the dive-roll, indicative of an activity in which the body's full weight is decelerated by the hands. There was considerably less variability in the impact force when expressed in terms of body weight (BW) for both groups.
Plots of typical force-time curves for the dive-rolls and the back-handsprings are given in Figures 3 and 4 , respectively. Figure 5 illustrates typical displacementtime curves for the back-handsprings (data from the same trial as Figure 4) . The mean wrist stiffness and damping values for the dive-roll group are given in Table  2 . Mean wrist and shoulder stiffness and damping values for the back-handspring group are also given in Table 2 . The wrist stiffness for the back-handspring group was considerably higher than that for the dive-roll group. The minimum value for shoulder stiffness of 0.14 kN/m in the back-handspring group was an outlier, with the second minimum value being 0.97 kN/m.
For the reliability assessment, data was analyzed from 7 children in the backhandspring group who performed the activities on both foam pads. There were no significant differences between the mean stiffness and damping values of the wrist and shoulder between the two foam pads (t = -0.76, -0.48, -1.27, and 1.24; p = 0.48, 0.65, 0.25, and 0.26, respectively), indicating that the estimated arm properties did not vary significantly with surface stiffness.
The results of the linear regression analysis of the relationship between joint stiffness and damping and independent variables for dive-rolls are given in Table  3 . There was no significant relationship between wrist stiffness and the independent variables child age, child mass, wrist impact velocity, and torso impact velocity. However, there was a highly significant positive relationship, p < .005, between wrist damping and all the independent variables. Figure 6 shows the relationship between child mass and wrist damping. For every increase of 1 kg in child mass, it is estimated that wrist damping increases 2.2 Ns/m. The results of the linear regression analysis of the relationship between joint stiffness and damping and independent variables for back-handsprings are given in Table 4 . There was only one significant relationship, between shoulder damping and child mass (t = 3.53, p = .01). For every increase of 1 kg in child mass, it is estimated that shoulder damping increases 2.7 Ns/m.
Post-hoc analysis produced the correlation values between the independent variables, maximum impact force, and maximum torso displacement for the diverolls (Table 5 ). All revealed a significant and positive linear relationship, showing that the greater the child's age and mass, the greater the severity of impact. 
Discussion
This study is the first to provide measures of the stiffness and damping for the wrists and shoulders of children as determined for impacts on the outstretched hand. Joint stiffness and damping parameter values are essential inputs for modeling to estimate force transmission and risk of injury at skeletal joints during head-first wrist impacts in gymnastics. Modeling of arm impact in children can help us understand the relationship of impact forces to environmental risk factors, such as impact surface stiffness and fall height. This approach can be applied to all sport and recreational activities in which children might be involved in an injurious free-fall event, such as falling from playground equipment (Chalmers, Marshall, Langley, et al., 1996) .
Until now only adult stiffness and damping values were available for any possible rheological modeling responses of children's joints to impacts. As shown in Table 2 , all but one of the values of wrist and shoulder stiffness and damping obtained for the children in this study were considerably less than those obtained for adults in previous research . This is not surprising, as children have smaller muscle mass and more flexible joints than adults. The one exception was the mean wrist stiffness obtained from the back-handsprings.
The values obtained for children were about twice as large as that reported by Chiu and Robinovitch (1998) , 54 kN/m vs. 27 kN/m. This suggests that when children are involved in a full-weight impact, as in the back-handspring, a large proportion of the impact resisting force is modeled as being generated by an elastic spring-like element rather than the viscous damper element. Therefore a greater proportion of the impact energy will be returned, i.e., children have a greater wrist impact "bounce" compared to adults. One limitation in comparing the results from current study to the Chiu and Robinovitch study is that the position of the torso on impact between the two studies is quite different. Chiu and Robinovitch analyzed a forward fall from a kneeling position. The stiffness of the wrist in the back-handsprings was also found to be much greater than in the dive-rolls (54.0 ± 8.8 vs. 18.4 ± 5.1 kN/m in Table 2 ). The backhandspring is a more challenging gymnastic activity. At the moment of impact the head is traveling directly downward and the hands are outstretched to prevent head contact with the impact surface. By comparison, the peak impact force in dive-rolls occurs well after hand contact, when the child rolls onto the broad upper back. Hence the wrist and arm needs only to partially decelerate the torso/head segment at initial hand impact. Much greater muscular activity is therefore required of the forearm to protect the wrist during back-handsprings (note: the reaction force of the forearm muscle tendons in the carpal tunnel stiffens the wrist during an extended wrist position). Since the musculo-articular system is known to become stiffer with muscle fiber recruitment (Cornu & Goubel, 2001) , this mechanism explains the stiffness of the wrist complex being greater for back-handsprings than for dive-rolls. The wrist damping in dive-rolls had strong positive linear relationships with all the independent variables: child age, child mass, wrist impact velocity, and torso impact velocity. Damping is a mechanical element that represents the energy dissipating capacity of a mechanical system (Burton, 1994) . Experimental tests on cadaver wrists have shown that the soft tissue absorbs 85-90% of the energy of impact, 30-35% of which is absorbed by skin and subcutaneous tissue and 25-40% by muscles (Nikolic, Hancevic, Hudec, & Banovie, 1975) . The amount of skin, subcutaneous tissue, and muscle tissue increases with the child's age and mass. Therefore the energy absorbing capacity of wrists (i.e., damping) is expected to increase with the child's mass and age, as was observed in the results of the dive-roll trials. Also, since older children have greater impact velocity (r age/wrist -velocity = 0.805, p = .001; r age/torso -velocity = 0.700, p = .005; from Table 5) , there is a linear relationship between wrist damping and impact velocity of the wrist and torso.
Although wrist damping was highly correlated with age, mass, wrist impact velocity, and torso impact velocity, no linear relationships were found between these variables and wrist stiffness as measured in the dive-rolls. The stiffness of the joint is a measure of its resistance to a displacing force. In the rheological model the joint is modeled with a linear spring, with the magnitude of stiffness being the displacing force divided by the resulting displacement (Burton, 1994) . Both the displacing force (i.e, maximal impact force on the wrist) and the maximum torso displacement increased significantly with the child's age, mass, and impact velocity (see Table 5 ). Displacing force increased because of the effect of increased impact momentum. Maximal torso displacement increased with the child's age because older children have a greater safety displacement margin for head injury.
The safety displacement margin is the distance between the top of the head and the outstretched hand-the crucial separation that prevents the head from contacting the impact surface during a head-first fall. This distance increases with arm length and therefore child age. The ratio between the maximal displacing force (wrist impact force) and torso displacement remained relatively constant across the children in this study. This suggests that each child would have to generate the same amount of wrist stiffness as any other child to minimize the risk of head injury to an equivalent extent. Wrist stiffness therefore appears to be constant regardless of child age, child mass, wrist impact velocity, and torso impact velocity.
For the back-handsprings, there were no significant linear relationships between the children's wrist and shoulder properties and the independent variables, except for the relationship between shoulder damping and child mass. As explained above, damping increases with tissue mass and the shoulder is spanned by a significant muscle mass. Other possible damping relationships may not have been detected because of: (a) the smaller number of children able to complete the activity; (b) the narrow age range of the children (children must attain a certain level of gymnastic skill to perform the back-handspring); and/or (c) the greater variability that is expected of a system with four dependent variables.
Typical of any mathematical modeling of a complex system, there are limitations to the modeling method used in this study. The model is limited to head-first free-fall onto an outstretched hand, with compressive wrist impact in the vertical direction. Also, modeling was limited to the time during impact at which elbow flexion was initiated (usually just after the first maximal peak). In all the backhandspring trials, elbow flexion was not observed to occur. This is consistent with properly conducted back-handsprings that restrict elbow flexion in order to minimize the risk of head contact with the floor (Koh et al., 1992) . Only vertical forces were considered, in order to reduce the complexity of modeling and because gravity, which acts vertically, is the main driving force in free-fall impacts.
Wrist contact was of particular interest because the wrist is the skeletal site of the most common injuries in children (Landin, 1997) . The study was limited to observing motion only in the sagittal plane. It is possible that some varus and valgus elbow flexion occurred out of plane from the digital cameras and may have accounted for some variation in the data. Future research should consider a more complex 3-D analysis of free-fall in children to address these issues. A balance must be maintained, however, between increasing the complexity of the model (and the resulting number of independent variables) and the potential gain in knowledge of impact mechanics that might result.
Another limitation of the study was that the stiffness and damping in the wrist and shoulder were modeled as linear elements. The linear shoulder elements were limited in the amount of resisting force they could provide at the instant of impact. It may be that the shoulder provided a greater proportion of the first peak force compared to the wrist than was estimated in the back-handsprings. Development of a nonlinear model of the wrist and shoulder elements for children could perhaps address this issue.
In conclusion, this study provides new information on wrist and shoulder stiffness and damping during head-first wrist-impact gymnastic activities in children. These values will be useful in predicting joint forces in gymnastics that require headfirst dives onto the outstretched hand. Further research may include 3-D modeling analysis as well as modeling joint forces with nonlinear elements. Information about joint impact forces is essential for understanding the effectiveness of strategies aimed at reducing acute and chronic wrist injuries in children in sport and play.
